Cardiac hypertrophy and remodelling in chagasic disease might be associated with mitochondrial dysfunction. In the present study, we characterized the cardiac metabolic responses to Trypanosoma cruzi infection and progressive disease severity using a customdesigned mitoarray (mitochondrial function-related gene array). Mitoarrays consisting of known, well-characterized mitochondrial function-related cDNAs were hybridized with 32 P-labelled cDNA probes generated from the myocardium of mice during immediate early, acute and chronic phases of infection and disease development. The mitoarray successfully identified novel aspects of the T. cruzi-induced alterations in the expression of the genes related to mitochondrial function and biogenesis that were further confirmed by real-time reverse transcriptase-PCRs. Of note is the up-regulation of transcripts essential for fatty acid metabolism associated with repression of the mRNAs for pyruvate dehydrogenase complex in infected hearts. We observed no statistically significant changes in mRNAs for the enzymes of tricarboxylic acid cycle. These results suggest that fatty acid metabolism compensates the pyruvate dehydrogenase complex deficiencies for the supply of acetyl-CoA for a tricarboxylic acid cycle, and chagasic hearts may not be limited in reduced energy (NADH and FADH 2 ). The observation of a decrease in mRNA level for several subunits of the respiratory chain complexes by mitoarray as well as global genome analysis suggests a limitation in mitochondrial oxidative phosphorylation-mediated ATPgeneration capacity as the probable basis for cardiac homoeostasis in chagasic disease.
INTRODUCTION
Trypanosoma cruzi is estimated to infect approx. 20 million people in Latin America, and an additional 100 million people are at risk of infection in endemic countries [1, 2] . The ultimate consequence of T. cruzi infection is the development of CCM (chronic chagasic cardiomyopathy), considered to be the major cause of congestive heart failure and sudden death among young adults [3] . Despite decades of research, limited information is available on the cellular and molecular mechanisms by which cardiovascular structure and functions are adversely affected in T. cruzi-infected patients and experimental models. In recent studies, we [4] and others [5] have profiled the changes in hostgene expression associated with progressive cardiomyopathy in experimental models of T. cruzi infection. Many of the differentially expressed genes identified in these studies were found to encode proteins associated with cardiac hypertrophic and remodelling processes and might have implications in decreased cardiac performance with disease severity. The striking feature of these studies is, however, the observation of changes in the expression of a variety of genes encoding components of the respiratory complexes in infected murine hearts [4] , thus providing the first indication of mitochondrial defects in CCM.
The heart, a highly oxidative tissue, is essentially dependent on mitochondria that provide ∼ 90 % of the cellular energy required for contractile and other metabolic activities of the myocardium [6, 7] . The β-oxidation of fatty acids, tricarboxylic acid cycle and respiratory chain-mediated oxidative phosphorylation, the three important linked metabolic pathways of energy, are all Abbreviations used: AMPK, AMP-activated protein kinase; BZRP, peripheral benzodiazepine receptor; CCM, chronic chagasic cardiomyopathy; CS, citrate synthase; dpi, days post-infection; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MPTP, mitochondrial membrane transition pore; PDC, pyruvate dehydrogenase complex; RT, reverse transcriptase; SDH, succinate-ubiquinone oxidoreductase; VDAC, voltage-dependent anion channel. 1 To whom correspondence should be addressed (e-mail nigarg@utmb.edu).
carried out in mitochondria [7] [8] [9] [10] . The fatty acid β-oxidation and tricarboxylic acid cycle are highly efficient processes for the generation of reduced high-energy electron carriers NADH and/or FADH 2 . The NADH and FADH 2 are oxidized by the respiratory chain and the electron energy utilized in oxidative phosphorylation and ATP synthesis. Consequently, a defect in any of the constituents of the fatty acid β-oxidation pathway, tricarboxylic acid cycle and/or the respiratory chain that are involved in normal mitochondrial function may compromise the oxidative phosphorylation capacity and ATP production [11] [12] [13] and potentially impair cardiac performance in CCM patients. We report here our ongoing genomic analysis to specify mitochondrial dysfunction in the myocardium exposed to various stimuli. Our first goal was to develop a custom mitoarray (mitochondrial function-related gene array) prototype that can be used to identify the molecular and physiological changes in cardiac mitochondria in response to various toxic and pathogenic stimuli. All of the genes printed on the arrays are related to mitochondrial function and are representative of various metabolic pathways. We demonstrate the usefulness of these arrays in time-course studies and diagnosis of mitochondrial dysfunction with progressive development of T. cruzi-induced chagasic cardiomyopathy. Mitoarray results were confirmed by traditional and/or real-time RT (reverse transcriptase)-PCR approaches. Our results implicate a specific pattern of mitochondrial metabolic alterations with cardiac homoeostasis in CCM and raise the possibility that treatments capable of reducing cardiac pathology in chagasic patients may exert their effects through normalizing at least some of the changes associated with mitochondrial function.
MATERIALS AND METHODS

Mice and parasites
C3H/HeN male mice (6-8-week old) were purchased from Harlan (Indianapolis, IN, U.S.A.). T. cruzi (Sylvio X10/4 strain) and C2C12 cells (murine skeletal-muscle cell line) were purchased from A.T.C.C. T. cruzi trypomastigotes were maintained and propagated by the continuous in vitro passage of parasites in monolayers of C2C12 cells [14] . Mice were infected by intraperitoneal injection of 50 000 culture-derived trypomastigotes. Animal experiments were performed according to the National Institutes of Health Guide for Care and Use of Experimental Animals and approved by the UTMB Animal Care and Use Committee.
Plasmid library construction and mitoarray printing
To produce a prototype of the custom-made cDNA mitoarray, a total of 95 genes were selected (Table 1) . Genes, encoding GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and β-actin, and media blanks were incorporated as positive and neg- Table 1 Genes included on the custom-designed mitoarrays LFAIM, lipid, fatty acid and isoprenoid metabolism; VCPM, vitamin, cofactor and prosthetic-group metabolism; ETC, electron-transport chain. A1  A2  A3  A4  A5  A6  A7  A8  A9  A10  A11  A12  B1  B2  B3  B4  B5  B6  B7  B8  B9  B10  B11  B12  C1  C2  C3  C4  C5  C6  C7  C8  C9  C10  C11  C12  D1  D2  D3  D4  D5  D6  D7  D8  D9  D10  D11  D12  E1  E2  E3  E4  E5  E6  E7  E8  E9  E10  E11  E12  F1  F2  F3  F4  F5  F6  F7  F8  F9  F10  F11  F12  G1  G2  G3  G4  G5  G6  G7  G8  G9  G10  G11  G12  H1  H2  H3  H4  H5  H6  H7  H8  H9  H10  H11 • C final extension for 10 min. Individual amplicons were electrophoresed on 1.5 % agarose gels, stained with 0.5 µg/ml ethidium bromide, and visualized under long-wave UV light using a MultiImage Light Cabinet (Alpha Innotech, San Leandro, CA, U.S.A.). All PCR amplicons (average size, 600 bp) were TA-cloned in PCR 2.1-TOPO vector (Invitrogen). Recombinant plasmids were transformed in One Shot Chemically Competent Escherichia coli (Invitrogen), and glycerol stocks were prepared in 96-well plates and stored at − 80
Orientation grid
• C. The sequence of the successfully cloned amplicons was confirmed using an ABI Prism 310 Genetic Analyzer (Applied Biosystems) in the UTMB Recombinant DNA Core Facility. For mitoarray printing, 96-well culture boxes were inoculated from the glycerol stocks using robotics, incubated at 37
• C overnight, and plasmids were purified using a NucleoSpin Robot 96 Extract kit (Macherey-Nagel, Düren, Germany). The purified plasmid DNAs were estimated using a SPECTRAmax PLUS 384 (Molecular Devices, Sunnyvale, CA, U.S.A.) and quantitatively normalized to 40 ng/µl average concentration using SOFTmax PRO 4.0 software and robotics. Purified and normalized plasmids were denatured in 0.2 M NaOH at 37
• C for 30 min, and were spotted, in duplicate, on Zetaprobe GT membranes (Bio-Rad, Hercules, CA, U.S.A.) using a BioMek 2000 Laboratory Workstation (Beckman, Fullerton, CA, U.S.A.). The resulting spotted membranes were cross-linked in a UV Stratalinker 1800 (Stratagene, La Jolla, CA, U.S.A.) and stored at − 20
• C until use. Other researchers interested in using the mitoarrays are encouraged to contact the authors (N. G. or J. P.).
Probe synthesis and mitoarray hybridization
Tissue samples were harvested from normal and infected mice at various time points post-infection, flash-frozen in liquid nitrogen and stored at − 80
• C. The frozen tissues were individually transferred into guanidine-phenol solution, processed with a tissue homogenizer, and the total RNA was isolated as described in [15] with slight modifications [4] . The DNA that might be contaminating the RNA preparation was removed using an RNA purification kit (Ambion, Austin, TX, U.S.A.). Total RNA was analysed for quality and quantity using SPECTRAmax PLUS 384 and for integrity using an Agilent 2100 Bioanalyzer. The 32 Plabelled cDNA probe was then generated by reverse transcription of 2 µg of total RNA using a gene-specific primer mix and Superscript II reverse transcriptase (Invitrogen) in the presence of 5 µl of [α-
32 P]dATP (3000 µCi/mmol, 10 µCi/µl; Amersham Biosciences, Piscataway, NJ, U.S.A.). The labelled cDNA probe was purified from unincorporated 32 P-labelled nucleotides and small (< 0.1 kb) cDNA fragments using nucleospin extraction chromatography (ClonTech Laboratories, Palo Alto, CA, U.S.A.), and the specific activity of the labelled probe was determined on an LS 6000 SC liquid-scintillation counter (Beckman).
Individual RNA preparations from 4-6 murine hearts/group were labelled and used separately for hybridization. The hybridization and wash procedures were performed essentially as described in [4] . Membranes were exposed to a phosphorimaging screen for 2-5 days, and the images were captured on a Storm 860 phosphorimager (Amersham Biosciences). The results from different arrays were imported in Microsoft Excel spreadsheets, normalized using a set of highly and steadily expressed genes and averaged among replicate arrays. The differential expression of a gene in infected murine hearts relative to controls was evaluated by calculating the corresponding P value using the native Excel t test option.
Real-time RT-PCR
To validate the mitoarray results, we examined the differential expression of selected genes by real-time PCR. First-strand cDNA was synthesized from DNase-treated total RNA (2 µg) using 2.5 units of Superscript II reverse transcriptase and 1 µM poly(dT) 18 oligonucleotide at 42
• C for 50 min in 20 µl reaction volume. Real-time PCRs (25 µl volume) were performed in an iCycler Thermal Cycler (Bio-Rad) using 2 µl of the 10-fold diluted cDNA and 5 µl of 1 µM gene-specific primer pair (listed in Table 2 ) with SYBR-Green Supermix (Bio-Rad). The PCR Base Line Subtracted Curve Fit mode was applied for determining the threshold cycle, C t , using iCycler iQ Real-Time Detection System Software, Version 3.0a (Bio-Rad). For each target gene, the C t values were normalized to GAPDH expression and represent the means for triplicate samples in two independent experiments. The relative expression level of each target gene in infected mice was calculated as fold change = 2 − Ct , where C t represents the C t (infected sample) − C t (control). To visualize better the mRNA levels in all groups, bar graphs were generated by plotting the 1/2
Ct values on the y-axis.
In some experiments, traditional RT-PCR was employed to determine the mRNA level for differentially expressed genes. For this, 2 µl of the 10-fold diluted cDNA samples were amplified by PCR for 25-36 cycles. Individual amplicons (8 µl) were electrophoresed on 1.2 % agarose gels, stained with ethidium bromide and visualized in long-wave UV light. Densitometric analysis was performed on a FluroChem Imaging System (Alpha Innotech).
Spectrophotometric analysis of enzyme activities
Mitochondria were isolated from normal and infected murine hearts as described in [4] . Proteins were determined using the Bradford method [16] with BSA as a standard. The activity of PDC (pyruvate dehydrogenase complex) was measured following the reduction of NAD + at 340 nm. Mitochondria (5-10 µg of protein) were sonicated (30 s, setting of 3.0, 100 % pulse rate, VWR Scientific) in 950 µl reaction buffer containing 35 mM KH 2 PO4, 5.0 mM MgCl 2 , 2.0 mM NaCN, and 0.5 mM EDTA at pH 7.25 [17] . The enzymic reaction was started with 0.5 mM NAD + , 200 µM thymine pyrophosphate, 40 µM CoASH and 4.0 mM sodium pyruvate, and a decrease in absorbance measured on an UltraSpec 2000 Spectrophotometer (Amersham Biosciences, Piscataway, NJ, U.S.A.) for 5 min. The assay was repeated in the presence of 2.5 µM rotenone to prevent NADH consumption by complex I. The enzymic activities of SDH (succinate-ubiquinone oxidoreductase) and CS (citrate synthase) were measured as described in [18] [19] [20] .
RESULTS
We designed the customized mitoarray prototype to analyse the time course of the T. cruzi infection-induced mitochondrial profile in murine hearts. All of the genes printed on the arrays are related to mitochondrial function and are representative of various metabolic pathways. For example, several cDNAs encoding components of fatty acid metabolism and transport (13 genes), tricarboxylic acid cycle (11 genes) and respiratory complexes (14 genes) are printed on the mitoarrays ( Table 1 ). The genes in the selected subset include those that showed up-or downregulation in relation to T. cruzi infection, as determined by largescale profiling of gene expression using mouse global microarray systems [4] (N. Garg and V. Bhatia, unpublished work). The cDNA fragments for each gene are spotted in duplicate, yielding a pair of data sets from one hybridization.
As a model system, we chose C3H/HeN mice infected with the SylvioX10/4 strain of T. cruzi. This mouse-parasite combination mimics the symptoms of chagasic disease and has been extensively characterized in our laboratory as one of the standard models of human CCM [4] . The T. cruzi-infected mice were killed during the immediate early (3-5 days post-infection, dpi), acute (25-40 dpi) and chronic (130-180 dpi) phases of infection and disease development, and the total RNA isolated from the heart was used for the mitoarray hybridizations. The expression pattern of the 95 genes printed on mitoarrays was captured by phosphorimaging analysis (Figure 1) , quantified by densitometric analysis and the differential expression calculated relative to controls ( Table 3 ). The reliability of the hybridization was demonstrated by similar expression patterns of the pairs of spots and the tight correlation coefficients of the expression pattern obtained from triplicate samples per time point post-infection.
We adopted an arbitrary threshold cutoff, used by others, to consider genes that were changed by > 40 % compared with controls, i.e. a ratio of 1.4 or 0.7 over controls. This criterion clearly highlighted the genes that were differentially expressed during the immediate early phase of parasite invasion and replication (early responsive genes) and whose expression was altered with progressive severity of chronic disease (late-responsive genes) ( Figure 1, Table 3 ). We did not observe an increase or decrease in the level of gene expression greater than 4-fold over controls at either time point post-infection. The overall expression profile suggested an up-regulation of the mRNAs essential for fatty acid metabolism, alterations in the transcripts level for respiratory complexes and repression of the mRNAs encoding subunits of the PDC. We observed no substantial changes in transcripts for the enzymes of tricarboxylic acid cycle.
To confirm the T. cruzi-responsive gene expression profile obtained by custom mitoarray analysis, we selected several genes from those marked in Figure 1 (listed in Table 3 ) and performed traditional or real-time RT-PCR analysis. These included ALAS2, DBT, PDHA1 and SDH2, noted to be repressed early in response to infection (3-5 dpi) and parasite replication (25-40 dpi) in murine hearts, in mitoarray studies; IDH2 repressed during the immediate early (3-5 dpi) phase; ATP5K, BZRP, DLD and VDAC2, consistently induced during infection and disease development; MDH, primarily up-regulated during the chronic phase; and GAPDH that exhibited no change in expression in infected and normal mice.
We first determined the expression profile of five genes by traditional RT-PCR. Similar to mitoarray findings, RT-PCR analysis demonstrated an ∼ 2-fold increase in MDH transcript in chronically infected murine hearts compared with normal controls (Figure 2) . However, the differential expression profile of DBT, DLD, IDH2 and SOD2 was not as pronounced in traditional RT-PCR analysis as was observed by mitoarray studies (Figure 2) . RT-PCR is semi-quantitative and presents the endpoint after exponential amplification of cDNA for a fixed number of cycles. The optimization of the cycle number for each gene is tedious and less accurate in traditional RT-PCR. Also, the densitometric analysis of the ethidium bromide-stained gels is not very sensitive. Therefore we decided to confirm our mitoarray results by real-time PCR.
As shown in Figure 3 , ALAS2, IDH2, PDHA1 and SDH2 in the early responsive genes group showed a similar expression pattern in the heart tissue of infected mice by real-time PCR, as was observed in mitoarray analysis (Figure 3 ). The expression of ALAS2, IDH2 and PDHA1 transcripts was rapidly and significantly decreased in response to T. cruzi infection (showing 4-, 3-and 2.5-fold decrease respectively at 5 dpi) in infected murine hearts relative to controls and remained repressed throughout the acute phase of parasite replication and immune activation. In comparison, the repression of DBT mRNA (∼ 60 % decrease) was observed in acutely infected murine myocardium only (Figure 2 , real-time PCR results not shown). For ATP5K, BZRP and VDAC2, in agreement with the mitoarray results, a substantial increase in mRNA abundance was noticed in infected mice during the entire course of infection and disease progression. The densitometric analysis of the mitoarray results suggested a 3.5-, 4-and 2.8-fold increase in ATP5K, BZRP and VDAC2 transcripts respectively in infected mice when compared with that detected in normal controls. In comparison, real-time PCR analysis indicated a 3.5-, > 30-and 2-fold increase in ATP5K, BZRP and VDAC2 transcripts respectively in infected mice relative to controls (Figure 3) . Overall, real-time PCR has provided independent confirmation of mitoarray results for the induction and repression of several of the mitochondrial function-related genes in response to T. cruzi infection and disease development.
Of note is the expression profile of the genes involved in pyruvate metabolism. Among the five genes related to carbohydrate metabolism (DBT, DLD, IDH2, MDH and PDHA1) that were differentially expressed in infected murine hearts relative to controls ( Figure 1, Table 3 ), three (DBT, DLD, and PDHA1) encoded the components of PDC (Figures 1-3) . Whereas the transcripts for the PDHA1 and DBT subunits of the PDC were repressed, transcript for the DLD subunit of the PDC complex appeared to be increased in infected murine hearts (Figures 1-3 , Table 3 ). The decrease in mRNA for PDHA1 was detectable as early as 5 dpi, followed by repression of DBT (Table 3) , suggesting early defects in PDC. To confirm if such is the case, we estimated the enzymic activity of the PDC in mitochondria isolated from the cardiac tissue of normal and infected mice by spectrophotometric assays. The cardiac mitochondria isolated from infected mice showed an approx. 40 % decrease in PDC activity as early as 3 dpi (Figure 4 ) that remained consistently low in infected murine hearts during the course of disease progression (results not shown) when compared with controls. The decrease in the enzymic activity C3H/HeN mice were infected by intraperitoneal injection with culture-derived trypomastigotes of T. cruzi. Heart ventricle sections were obtained at various time intervals post-infection, and total RNA was isolated and then used for prototype customized mitoarray analysis as described in the Materials and methods section. Replicate phosphorimages of the mitoarrays hybridized with P 32 -labelled cDNA probes generated from total RNA of the murine hearts killed at 0, 5, 25, 40, 130 and 180 dpi are shown. Selected genes whose expression was increased or decreased in infected murine hearts relative to normal controls are enclosed by a rectangle or oval structure respectively.
of the PDC in infected mice provides further evidence for the accuracy of the mitoarray results. The nuclear-encoded SDH and CS activities are commonly used as controls for verifying the efficiency of mitochondria isolation in different extractions. We detected similar levels of SDH activity in all cardiac mitochondria samples extracted from infected and normal tissues (Figure 4 , results not shown) suggesting that the efficiency of mitochondria isolation was relatively similar in all experiments.
DISCUSSION
We report, in the present study, on our ongoing cDNA microarray analyses to identify the mitochondrial dysfunction related to various toxic and pathogenic stimuli. Our primary focus was to develop a custom mitoarray prototype that can be used to specify the alterations in mitochondrial pathways involved in ATP production, namely β-oxidation of fatty acids, tricarboxylic acid cycle 
and respiratory chain-mediated oxidative phosphorylation. The usefulness of these arrays in the time-course studies and diagnosis of mitochondrial dysfunction with progressive development of T. cruzi-induced chagasic cardiomyopathy in a murine model was then explored. Our results clearly show the changes in the expression level of transcripts related to the above-mentioned mitochondrial metabolic pathways in response to T. cruzi infection and disease progression in murine myocardium. The overall changes suggest that the up-regulation of the fatty acid β-oxidation might compensate for the deficiencies of glycolysis-linked pyruvate oxidation in the infected myocardium, and provide a substrate for the maximal efficiency of the tricarboxylic acid cycle in cardiac mitochondria of infected mice. However, the repression of respiratory chain components implies that the loss in mitochondrial oxidative phosphorylation-mediated ATP generation capacity would be the probable basis for energy deficiency in CCM. The prime source of energy for heart muscle is fatty acid β-oxidation, with the rest provided by glycolysis-linked pyruvate oxidation and tricarboxylic acid cycle [9, 10] . Our mitoarray analysis shows that the expression of genes involved in β-fatty acid oxidation is increased in T. cruzi-infected murine hearts. For example, the level of transcripts for long-chain acyl-CoA dehydrogenase (the rate-limiting enzyme that catalyses the first dehydrogenation of fatty acyl-CoA yielding a trans-2 -enoyl-CoA), trans-enoyl-CoA isomerase or dodecenoyl-CoA δ-isomerase (catalyses the hydration step to form β-hydroxyacyl-CoA) and carnitine-o-acetyltransferase (transports acetylCoA and short-chain fatty acids to mitochondria) were enhanced in infected murine hearts relative to controls. Our mitoarray findings concur well with our previous global array studies [4] , in which we found in the myocardium of infected mice, relative to controls, an increased mRNA level for long-chain acyl-CoA dehydrogenase, medium-chain acyl-CoA dehydrogenase, dodec- 
cruzi-infected mice
Total RNA was isolated from the heart tissue of normal (N) mice and mice killed during the immediate early (IE, 3-5 dpi), acute (A, 25-40 dpi) and chronic (C, 130-180 dpi) phases of disease progression. First-strand cDNA was synthesized from 2 µg of the total RNA samples in a 20 µl reaction mixture. Subsequently, PCR was performed for 28-32 cycles using 2 µl of the 10-fold diluted cDNA as template and gene-specific primers. The ethidium bromide-stained gel images were quantified on a FluorChem 8800 Image Analyzing System. The quantitative results represent the mean values obtained from three independent experiments. The S.D. for all the data points was < 12 %. All gene names are defined in Table 1 . Results from traditional RT-PCR are shown in the left panels. The densitometric quantification of the mitoarray results is shown in the right panels.
enoyl-CoA δ-isomerase and 3-hydroxyacyl-CoA dehydrogenase (catalyses the third step of dehydrogenation to form β-ketoacyl CoA). A few other studies [5, 21] have also demonstrated alterations in the mRNA and protein levels of enzymes involved in β-oxidation of fatty acids in hypertrophic and CCM hearts.
Of the 11 genes related to carbohydrate metabolism that were screened on the mitoarrays, we found differential expression of all three subunits of the PDC. Subsequently, a decrease in the PDC activity (Figure 4 ) was also noted in the myocardium of infected mice. PDC associated with the inner mitochondrial membrane is a Total RNA was isolated from the heart tissue of normal and infected mice and first-strand cDNA synthesized (as in Figure 2 ). Subsequently, real-time PCR was performed using 2 µl of the 10-fold diluted cDNA as template and gene-specific primers. The results were normalized to GAPDH and represent mean values obtained from two independent experiments using heart tissue of at least three mice/experiment. The S.D. for all the data points was < 12 %. All gene names are defined in Table 1 key enzyme in oxygen-dependent metabolic pathways by shifting intermediates of glucose metabolism into the tricarboxylic acid cycle and to subsequent oxidation in the respiratory chain. PDC is sensitive to inflammatory cytokines [TNFα (tumour necrosis factor α) and interleukin 1] [22] . In the myocardium of infected mice, inflammatory response marked by TNF expression [23, 24] and PDC repression (Figure 4) are observed during the immediate early phase of T. cruzi infection. We surmise that primary inhibition of PDC in the myocardium of infected mice might be mediated by inflammatory response. Our hypothesis is supported by the observations that PDC activity is inhibited in neonatal cardiomyocytes within a few hours of TNFα and interleukin 1 exposure [25] .
The oxidative phosphorylation pathway comprising five large enzyme complexes couples the NADH and FADH 2 oxidation with phosphorylation and provides > 90 % of cellular ATP in the myocardium [26] . All complexes are located in the inner mitochondrial membrane and designated as CI (NADH-ubiquinone oxidoreductase), CII (succinate-ubiquinone oxidoreductase), CIII (ubiquinol-cytochrome c oxidoreductase), CIV (cytochrome c oxidase) and CV (F 1 F o -ATPase synthase). Our mitoarray study showed differential expression of transcripts for two subunits of CII, two subunits of CIV and for the ATP5K subunit of CV. These changes, although relatively modest, were reproducible in multiple experiments and statistically significant, and consistent with the published global array studies [4] . Recent molecular and biochemical studies documenting the repression of mitochondriaencoded subunits of the respiratory complexes and a decrease in the activities of the respiratory chain complexes in the myocardium of T. cruzi-infected mice with progressive disease severity [18] provide additional support to the mitoarray observations. Taken together, the mitoarray analysis of the cardiac mitochondria from mice shows an adaptation by the heart metabolism in response to T. cruzi infection and CCM development. This includes up-regulation of fatty acid β-oxidation in an early responsive phase associated with down-regulation of PDC. Both fatty acid oxidation and PDC provide acetyl CoA for the tricarboxylic acid cycle. Given that no significant change was detected in the transcripts for tricarboxylic acid cycle enzymes in our model system, we surmise that a decrease in PDC may not limit the substrate availability for the tricarboxylic acid cycle. Furthermore, the efficiency of the tricarboxylic acid cycle to generate NADH and FADH 2 for the respiratory chain may also remain unaffected. However, the down-regulation of respiratory chain components is expected to be accompanied by a decrease in the ATP generation capacity. In support of this hypothesis, we have recently found that mitochondrial ATP production rate is decreased by > 40 % in chagasic hearts relative to controls [18] . A decrease in ATP production coupled with increase in AMP level affects the cellular energy charge and stimulates the AMPK (AMP-activated protein kinase) (see [27] and references therein). When induced, AMPKs shut off the energy-consuming processes and switch on the catabolic processes (e.g. fatty acid oxidation) that generate ATP [27] . It is probable that activation of fatty acid β-oxidation in chagasic hearts might be an AMPK-mediated adaptive response to maintain the availability of ATP for cardiac function.
Among the other genes screened on mitoarrays, we observed up-regulation of the transcripts for peripheral benzodiazepine receptor BZRP and VDACs (voltage-dependent anion channels VDAC2, VDAC3) in the myocardium of infected mice throughout the infection and disease phases, also documented in a previous study [4] . In mitochondria, BZRP associates with VDACs, CK (creatine kinase) and ATP/ADP transport protein to form the MPTP (mitochondrial membrane transition pore) [28, 29] . The MPTP plays an important role in maintaining the metabolic coordination between the cytosol, the mitochondrial intermembrane space and the matrix [30] . The MPTP-mediated regulation of mitochondrial membrane potential facilitates oxidative phosphorylation, ATP synthesis and ATP/ADP transfer from the matrix (reviewed in [29] ). BZRP in MPTP forms a channel for the transport of cholesterol for steroid biosynthesis [31] . A dysregulation in MPTP at molecular or functional level can result in an abnormal flux of anionic metabolites, leading to impaired mitochondrial membrane permeability and mitochondrial dysfunction, followed by apoptotic cell death [32, 33] . Accordingly, aberrations in VDAC expressions are linked to disturbed oxidative phosphorylation and impaired rates of pyruvate oxidation and ATP production in mitochondriopathy patients [34] . Enhanced expression of BZRP, observed in a variety of neurodegenerative disorders and cardiac ischaemia, is in general related to its role in regulating steroidogenesis and mitochondrial oxidative processes [29] . The role of VDACs and BZRP dysregulation in mitochondrial metabolism in T. cruzi-infected mice remains to be elucidated in future studies.
The only discrepancy between mitoarray analysis and the published results [4] was the expression level of MDH transcript in T. cruzi-infected mice. The MDH transcript evidenced to be decreased in chronic chagasic hearts in a previous report [4] was found to be increased in the infected myocardium in the present study (Figure 2 ). These discrepancies indicate the importance of validation of the global expression results with methods such as traditional RT-PCR, real-time RT-PCR or Northern blotting. We have used real-time PCR to confirm the mitoarray analysis of expression levels of several of the mitochondrial function-related genes during the course of infection and CCM development.
Additionally, biochemical assays were employed to confirm further the deficiency of PDC during CCM progression.
In summary, the development of mitoarray has facilitated the molecular printing of the changes in mitochondrial metabolic activities in response to various toxic and pathogenic stimuli. Our results suggest a specific pattern of mitochondrial metabolic alterations with cardiac homoeostasis in CCM and increase the possibility that treatments capable of reducing the cardiac pathology in chagasic patients may exert their effects by normalizing at least some of the changes associated with mitochondrial function.
